total brain volume and temporal horn volume to total brain volume were calculated. Volumetric abnormalities were lateralized to the left hemisphere. Volumes of the left temporal horn, and marginally, of the body of the left lateral ventricle were larger, while left amygdala but not hippocampal volume was significantly smaller in CHR participants compared to controls. Total brain volume was also significantly smaller and the ratio of the temporal horn/total brain volume was significantly higher in CHR than in controls. White matter volume correlated positively with higher verbal fluency score while temporal horn volume correlated positively with a greater number of perseverative errors. Together with the finding of larger Abstract We examined whether abnormal volumes of several brain regions as well as their mutual associations that have been observed in patients with schizophrenia, are also present in individuals at clinical high-risk (CHR) for developing psychosis. 3T magnetic resonance imaging was acquired in 19 CHR and 20 age-and handednessmatched controls. Volumes were measured for the body and temporal horns of the lateral ventricles, hippocampus and amygdala as well as total brain, cortical gray matter, white matter, and subcortical gray matter volumes. Relationships between volumes as well as correlations between volumes and cognitive and clinical measures were explored. Ratios of lateral ventricular volume to Jun Konishi and Elisabetta C. del Re are co-first authors. 
Introduction
Morphometric abnormalities in several brain regions are observed in schizophrenia (see review by Shenton et al. 2001) . Among these, one of the most replicated findings is larger lateral ventricle's volume in both chronic and first episode schizophrenia (SZ) compared to healthy controls (Johnstone et al. 1976; DeLisi et al. 1986; Shenton et al. 2001; Nakamura et al. 2007; del Re et al. 2016b ). There are a handful of studies that have also investigated lateral ventricles abnormalities in relation to other brain regions. More specifically, larger than normal lateral ventricle volume has been associated with reductions in cortical and subcortical gray matter volume in schizophrenia (Horga et al. 2011) but also with regional volume abnormalities. For example, a higher than normal ventricular/brain ratio has been associated with volume decrease loss in the thalamus, striatum and temporal lobe (Gaser et al. 2004) , and with lesser volume of the central corpus callosum (del Re et al. 2016b) . In chronic schizophrenia and other major mental illnesses, a higher than normal ratio of lateral ventricle volume to total brain volume (VBR) has been found to be a robust measure that distinguishes healthy controls from patients (van Horn and McManus 1992) . VBR has also been shown to separate schizophrenia and bipolar patients from controls better than the individual measures of total brain volume (TBV) or intracranial content (Reite et al. 2010 ).
In the current study, we investigated individuals at clinical high risk (CHR) for developing psychosis by exploring the relationship between the volumes of the body and temporal horns of the lateral ventricles and selected adjacent structures, i.e. the amygdala and hippocampus (illustrated in Fig. 1 ). These regions of interest (ROI) were also investigated in relation to global brain measures, including total gray and white matter volumes.
In the context of a neurodevelopmental view of the CHR syndrome, our hypothesis was that, even in the absence of In a and c, the body of lateral ventricles are in dark purple, the temporal horns of the lateral ventricles are in light purple, the amygdala is in cyan blue, and the hippocampus is in light green. 3D reconstruction is based on FreeSurfer segmentation and carried out with 3D Slicer. The red arrows in (d) indicate enlargement of temporal horns and the blue arrows enlargement of the body of the lateral ventricles measurable volume abnormalities in CHR, the relationship between lateral ventricle volume and adjacent subcortical structures, as well as with more global brain measures, will be abnormal in CHR compared to healthy controls. As deficits in neurocognition are an integral part of the CHR syndrome Giuliano et al. 2012 ) and schizophrenia (Mesholam-Gately et al. 2009; Blokland et al. 2016) , we also explored association with two neurocognitive measures, indexing speed of processing, verbal ability and executive function. The hypothesis here was that global brain measures and midline brain structures will index neurocognitive performance, before abnormalities in discreet brain regions are measurable (Johnstone et al. 1976; Toulopoulou et al. 2010; Crespo-Facorro et al. 2007; Laywer et al. 2006) . To the best of our knowledge, neither volume of the temporal horn nor the relationship between lateral ventricles and global and local brain measures have previously been investigated in CHR samples.
Materials and methods

Participants and clinical procedures
Thirty-nine participants from the Boston Center for Intervention Development and Applied Research (CIDAR) study, entitled "Vulnerability to Progression in Schizophrenia," provided imaging, clinical and demographic data. The sample comprised 19 individuals at CHR for psychosis and 20 healthy control participants, the latter matched to the CHR group on age, parental socioeconomic status, handedness and gender. Participants were recruited by referrals from clinicians, local hospitals and clinics, advertisements, formal outreach presentations, and word of mouth. The study was approved by the local IRB committees at Harvard Medical School and Beth Israel Deaconess Medical Center, the Cambridge Health Alliance, Massachusetts General Hospital, Brigham and Women's Hospital and by the Veteran Affairs Boston Healthcare System, Brockton campus. All study participants (or legal guardians for those under 18) gave written informed consent prior to study participation, and subjects received payment for participation.
Clinical diagnoses for all subjects were based on interviews with the Structured Clinical Interview for DSM-IV-TR (SCID), Research Version (First et al. 2002) or the Kid-SCID (Hien et al. 1994) for subjects < 18, as well as information from available medical records. In the CHR group, prodromal symptoms were assessed with the Scale of Prodromal Symptoms (SOPS; contained within the Structured Interview of Prodromal Syndromes (SIPS) (Miller et al. 1999) . Additionally CHR symptoms were rated on 10 items from the Bonn Scale for the Assessment of Basic Symptoms that were identified as having high predictive validity for the development of psychosis (Klosterkötter et al. 2001) and that are implemented in the Schizophrenia Proneness Instrument, Adult Version (Schultze-Lutter et al. 2007 ) (See del Re et al. 2015 for details on CHR inclusion criteria used in the CIDAR study and the study by; von Hohenberg et al. 2014) . Exclusion criteria for the CHR group included the presence of any DSM-IV-TR diagnosis of a psychotic disorder, and substance-induced or other medically induced prodromal-like symptoms.
Controls were drawn from the same geographic region as CHR subjects with comparable age, gender, race and ethnicity, handedness, and parental socioeconomic status (PSES). No controls met criteria for any current major DSM-IV-TR Axis I disorders, or any history of psychosis, Major Depressive Disorder (recurrent), Bipolar Disorder, Obsessive Compulsive Disorder, Post Traumatic Stress Disorder, or developmental disorders. Controls were also excluded if they had any history of psychiatric hospitalizations, prodromal symptoms, schizotypal or other Cluster A personality disorders, first degree relatives with psychosis, or any current or past use of antipsychotics (other past psychotropic medication use was acceptable, but the subjects must have been off medicine for at least 6 months before participating in the study, with the exception of as needed medications including sleeping medications or anxiolytic agents). Exclusion criteria for all participants included: sensory-motor handicaps, neurological disorders, medical illnesses that significantly impair neurocognitive function, diagnosis of mental retardation, education less than 5th grade if < 18 or less than 9th grade if ≥ 18, not fluent in English, DSM-IV-TR substance abuse in the past month, DSM-IV-TR substance dependence (excluding nicotine) in the past 3 months, current suicidality, history of ECT within the past 5 years for patients and history of ECT ever for controls, or study participation by another family member.
PSES was evaluated using the Hollingshead two-factor index (Hollingshead 1975) . Premorbid intellectual abilities were estimated using the Reading subtest from the Wide Range Achievement Test-4 (WRAT-4) (Wilkinson and Robertson 2006) and current intellect was estimated from the Vocabulary and Block Design subtests of the Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler 1999) . The latter measures were administered by trained research assistants as part of a comprehensive neuropsychological battery. Participants were also evaluated on a number of cognitive domains. Among those, the Category Fluency: Animal Naming test (Spreen and Strauss 1991) , that indexes speed of processing, verbal ability and executive function as well as the Wisconsin Card Sorting Test (WCST) that indexes executive functioning/reasoning and problem solving (Heaton 2000; Berg 1948 ).
All participants were evaluated with the Global Assessment of Functioning scale (GAF) (Jones et al. 1995) . All individuals included in the present study were clinically evaluated at baseline and 1 year following baseline assessment. During 5 years of data acquisition, only one subject converted to psychosis. This subject was included in all analyses (indicated in blue in the Figures).
MRI image acquisition
Images were acquired on a 3T magnetic resonance imaging (MRI) scanner (Tim Trio, Siemens Medical Solutions, Erlangen, Germany) at Massachusetts General Hospital, Boston, MA, using a standard circular-polarized head coil. T1-weighted structural MRI was acquired with a magnetization prepared rapid gradient echo (MPRAGE) sequence (TR = 2530 ms, TE = 3.39 ms, TI = 1100, 7-degree flip angle, 128 contiguous sagittal slices with 1.33 mm slice thickness, 25.6 cm 2 field of view, matrix = 256 × 256 and 1.33 × 1 × 1 mm voxel dimensions).
MRI image processing
Images were visually checked for possible movement artifacts. In order to correct for head tilt, each MRI scan was realigned, horizontally to the anterior commissure -posterior commissure line, and vertically to the sagittal sulcus. Automatic brain masking was conducted using Multi Atlas Brain Segmentation, MABS (del Re et al. 2016a ). Segmentation of the scans was executed using FreeSurfer 5.3 (Fischl et al. 2002) and quality of segmentations was determined by visual inspection. Volumes of the body of the lateral ventricles, temporal horns of the lateral ventricles, amygdala, and hippocampi were extracted as well as total brain, and cortical and subcortical gray and white matter. More specifically, total brain volume consisted of all voxels contained in cortical and subcortical regions, but excluded the brain stem, ventricles, CSF, and choroid plexus. Cortical gray matter included the gray matter contained between the pial surface and white matter surface and excluded regions not belonging to the cortex (e.g., hippocampus). White matter included voxels contained inside the white matter surface. Subcortical gray matter included the thalamus, caudate nucleus, hippocampus, amygdala, nucleus accumbens, pallidum, putamen, ventral diencephalon and the substantia nigra. The ratios of lateral ventricles/total brain volume, lateral ventricles/white matter, temporal horns/total brain volume and temporal horns/white matter were multiplied by 100 for all analyses.
MRI volume analyses
In order to account for differences in head size, intracranial volume was used as a covariate in all analyses of ROI volume effects. FreeSurfer estimates the intracranial volume based on the talairach transform as described in Buckner et al. (2004) . As volumes of lateral ventricles, temporal horns, amygdala, and hippocampus substantially differ from one another and hence are not directly comparable, we transformed the data into z-scores using the mean and standard deviation of the control sample. Because the volumes of the ventricles tend to be larger, while volumes of the tissue ROIs, amygdala and hippocampus, tend to be smaller with respect to values of healthy controls, the z-scores of the tissue ROIs were multiplied by minus 1, before entering them into an initial repeated measures Group X Hemisphere X ROI MANCOVA, with Group (diagnosis) as a betweensubjects factor and Hemisphere and Brain Regions (n = 4), lateral ventricle, temporal horn, amygdala and hippocampus as within-subjects factors. Intracranial volume (ICF) was included as a covariate in the statistical model. Since seven of 19 CHR were medicated with psychotropic medication, the CHR on medication (n = 7) were directly compared to the CHR not on medication (n = 12) using the same repeated measures MANOVA, in order to determine whether medication status accounts for significant variance in the brain volume measures. For these analyses, medication dosage was estimated using chlorpromazine (CPZ) equivalents, and calculated according to Stoll (2009) and Woods (2003) . A significant Hemisphere X Group interaction found in the repeated measures MANCOVA, was followed up by a separate repeated measures MANCOVA for each Hemisphere and where appropriate by univariate between-subjects ANCOVAs for each region. Group differences of global brain measures and of ratios between global measures and lateral ventricles were analyzed with univariate ANOVAs. In all analyses outlier values were defined as > 3.0 standard deviations from the mean; no data were outside this range. All statistical analyses were performed with SPSS v.23 (http://www.ibm.com/analytics/us/en/technology/spss) or R v.3.3.0 (http://www.r-project.org). We note that relative volumes are used in all Figures.
Correlation analyses
Considering the relatively small sample size, Spearman's rho was adopted for all correlation analyses, and Bonferroni correction was applied to all correlations to protect against Type 1 error. Clinical and functioning measures included the total SOPS scores for positive, negative, disorganized, and general symptoms, and the GAF score. For the correlations between relative volumes and clinical measures, Bonferroni corrections for multiple correlations were performed with a p-value threshold calculated as follows: 0.05/40 correlations = 0.00093 for eight ROI and five clinical measures. For the correlations between relative volumes and two neurocognitive measures, the WCST perseverative errors and the Category fluency test, the Bonferroni corrected significance threshold for multiple correlations was calculated as follows: 0.05/16 = 0.003 for eight ROIs and two neurocognitive measures. The Bonferroni corrected significance threshold for correlations among relative volumes was calculated as follows: 0.05/23 correlations = 0.0022. In order to determine whether or not the relationships observed in the CHR and healthy control groups were different, the correlations observed in the two groups were directly compared using the Fisher's r-to-z test. The results of this test are reported in the Results section.
Results
Participants group characteristics
CHR and control groups did not differ in age, premorbid IQ estimated by WRAT-4 reading score, current IQ, years of education, PSES or number of male and female subjects, as summarized in Table 1 . Significant group differences were, however, found for the GAF and the SOPS, as would be expected. There were no Group differences in the Wisconsin perseverative errors score or in the category fluency score. Seven of 19 CHR subjects were medicated with antipsychotic medications. All antipsychotic medications were second-generation: three subjects were on aripiprazole, two were on risperidone, one was on quetiapine, and one was on three medications: risperidone, ziprasidone, and aripiprazole. No significant correlations were found between CPZ equivalents and any of the volumes. These findings are summarized in Table 1 .
Volumetric analyses
Subcortical measures
A main effect of Group was found in the repeated measures MANCOVA [F(1,36) = 8.3; p = 0.007], where a higher mean Z-score was present in the CHR group compared to the controls. There was also a significant main effect of Hemisphere [F(1,36) = 7.7; p = 0.009], where the left hemisphere had higher Z-score than the right hemisphere. A significant interaction of Hemisphere by Group [F(1, 360 = 7.7 ; p = 0.009] was further followed up with a repeated measures Group X ROI MANCOVA model for each Hemisphere, separately (Fig. 2) . (Fig. 3) .
Left hemisphere
Relationship between ventricular volumes and global measures
The ratio of lateral ventricle to total brain volume was significantly higher in CHR than in controls [F(1,37) = 4.3; p = 0.046] as was the ratio of temporal horn to total brain volume [F(1,37) = 9.96; p = 0.003]. There was also a main effect of Group for the lateral ventricle volume /white matter [F(1,37) = 4.34; p = 0.044] and for temporal horn volume/white matter ratios [F(1,37) = 9.83; p = 0.003]. These findings are summarized in Table 2 and in Fig. 4 . 
Impact of medication on volumetric measures
Correlations between volumes
Investigation of the relationship between the following bilateral structures: lateral ventricle, temporal horn, amygdala, and hippocampus volumes with global measures in CHR and controls, indicated a strong inverse correlation in CHR subjects between lateral ventricle and total brain volume (rho = − 0.60, p = 0.007) such that the larger the ventricles, the smaller the total brain volume. Such an inverse correlation was also observed in CHR subjects between temporal horn and total brain volume (rho = − 0.61, p = 0.006), such that the larger the temporal horns, the smaller the total brain volume. These correlations were not significant in controls (rho = − 0.39, p = 0.09; and rho = 0.29, p = 0.21; respectively). The Fisher's r-to-z test was carried out in order to determine whether or not the volumetric relationships observed in the CHR group differed from those observed in the healthy control group. Findings showed that the relationship between temporal horns and total brain volume differed significantly between the CHR and healthy control groups (z = 2.9; p = 0.002). In contrast, albeit the inverse correlation between lateral ventricle and total brain volume was significant in CHR and not significant in healthy controls, the Fisher r-to-z test results did not confirm that the relationship between the volumes was significantly different between the two groups (z = 0.853; p = 0.197). A strong positive correlation was, however, observed between increased lateral ventricle and increased temporal horn in CHR subjects (rho = 0.60, p = 0.007). This latter correlation was also not present in controls (rho = − 0.006, p = 0.98). The Fisher r-to-z test confirmed the temporal horn-lateral ventricle volumetric relationship observed in CHR to be significantly different from the one found in controls (z = − 2.18; p = 0.03). Interestingly, in controls, amygdala and hippocampus were significantly and positively correlated (rho = 0.66, p = 0.0014), but the same relationship was not found in CHR (rho = − 0.03, p = 0.90). The Fisher r-to-z test confirmed that the relationship between amygdala and hippocampus observed in CHR and healthy controls, differed (z = 2.41; p = 0.008) (Fig. 5) . 
Correlation between volumes and clinical scores in CHR
There was a trend level positive correlation between bilateral lateral ventricle volume and negative symptoms score (rho = 0.54, p = 0.02) (Fig. 6a) , i.e., the larger the bilateral ventricle volume, the higher the negative symptoms; while the volume of the bilateral hippocampus was inversely correlated with disorganization symptoms (rho = − 0.49, p = 0.032), i.e., the smaller the hippocampus, the more the disorganized symptoms (Fig. 6b) . None of the other associations were significant.
Correlation between volumes and WCST perseverative errors and category fluency in CHR
The white matter volume was positively correlated with the Category fluency test, animal naming score where larger white matter volume corresponded to a higher test score (rho = 0.62, p = 0.004; r = 0.61) (Fig. 6c) . The volume of the temporal horns was positively correlated to the score of perseverative errors on the WCST test, where the larger the volume of the temporal horns, the higher the number of perseverative errors (rho = 0.6, p = 0.008; r = 0.55). None of the associations remained significant after strict Bonferroni correction (cut-off value of p = 0.003). Nonetheless, effect sizes, reported as r (see above) were very large. In the healthy control group, there were no statistically significant correlations between white matter volume and Category fluency test (rho = − 0.32, p = 0.17; r = − 0.29), nor between perseverative errors of the WCST or volume of temporal horns (rho = 0.12, p = 0.62; r = − 0.14). The Fisher r-to-z test confirmed that the correlations between white matter volume and the Category fluency test (z = 2.89; p = 0.002) and between temporal horn volumes and WCST (z = − 1.54; p = 0.01) found in within each of the two groups were significantly different.
Discussion
In the present investigation of CHR individuals, we examined the volumes of subcortical structures that are anatomically adjacent to the body and the temporal horns of the lateral ventricles, i.e., the amygdala and hippocampus, and their interrelationships and association with global brain measures, including total brain volume and volumes of the cortical gray matter, subcortical gray matter and white matter. In the context of a neurodevelopmental view of the CHR syndrome we hypothesized that, even in the absence of measurable volume differences in CHR compared to 
Lateral ventricle and temporal horn
The results indicated lateralized, left hemisphere abnormalities in CHR, with larger volumes of the left temporal horn and marginally of the left lateral ventricle in the presence of smaller volume of the left amygdala in CHR subjects compared with controls. The hippocampal volume was not found to be significantly different in CHR compared to controls. It appeared that the significantly smaller total brain volume in CHR compared to controls was associated with less white matter volume and not cortical or subcortical gray matter. The ratio between lateral ventricular volume to total brain volume or VBR as well as the ratio between lateral ventricular volume to white matter volume were significantly higher in CHR subjects than in controls. The ratios between the temporal horns volume to total brain volume as well as the temporal horns to white matter volume were also significantly higher in CHR compared to controls. VBR as well as the ratio between temporal horn volume and total brain volume are measured within each individual. These ratios thus represent measures that adjusts and correct for brain and head size variability among individuals. VBR increase in chronic schizophrenia is a consistent finding (see for example Reite et al. 2010; and reviews by; McCarley et al. 1999; Shenton et al. 2001 ; and the meta-analysis by Horn and McManus 1992) .
This novel finding of increased VBR in CHR is particularly important because research focused on CHR is largely unconfounded by factors such as medication and chronicity (e.g. Addington et al. 2015; Fusar-Poli et al. 2013; Goncalves et al. 2016; von Hohenberg et al. 2014) , that may be present in studies on schizophrenia per se. Moreover, considering that the CHR population might include young, often still developing individuals, VBR might be especially important in capturing dynamic structural brain changes and changing interactions between brain regions, before volumetric abnormalities become measurable during the course of disease.
Typically, temporal horn and lateral ventricle volumes are significantly larger in chronic schizophrenia compared to healthy control subjects (see for example comprehensive review by Shenton et al. 2001 Shenton et al. , 1992 and also; Kempton et al. 2010; Nakamura et al. 2007; van Erp et al. 2015; Chance et al. 2003; Yotsutsuji et al. 2003) , and in the very early stages of the disease (Rosa et al. 2010; del Re et al. 2016b) . Additionally, larger left than right ventricle volume abnormalities have often been reported in schizophrenia (e.g. Shenton et al. 2001; Buchsbaum et al. 1997; Mathalon et al. 2001 ). Buchsbaum et al. (1997) previously described a larger volume of the left temporal horn in schizotypal personality disorder (SPD, reviewed by Dickey et al. 2002) , in the absence of lateral ventricle volume enlargement. Schizotypal personality disorder is a disorder that shares genetic factors with schizophrenia but without the occurrence of overt psychosis (Dickey et al. 2002) . It is also an independent risk syndrome for psychosis (Woods et al. 2009 ). This finding is similar to what we found in CHR. That is, while the larger volume of the left lateral ventricle in CHR was marginally significant, the volume of the left temporal horn was larger in CHR compared to controls with very large effect size. This suggests that large volume of the left temporal horn may be the first abnormality observed prior to abnormalities in volume of the lateral ventricles, indicating a progression that might well predict conversion in those CHR who convert to schizophrenia. Indeed, whereas in CHR, volume of the lateral ventricle is typically not enlarged Thermenos et al. 2013) , and temporal horn volume has rarely been assessed, progressive increase of lateral ventricular volume is present across post onset schizophrenia (see comprehensive study by Kempton et al. 2010 and; Nakamura et al. 2007 ). This will need to be followed up in future studies (see also below).
There is currently no consensus on the root cause of lateral ventricle enlargement in schizophrenia since its first description on computed tomography (CT) scans in 1976 (Johnstone et al. 1976) . While both neurodevelopmental and/ or neurodegenerative aspects might contribute to abnormal ventricle volume, the finding of significantly larger VBR and temporal horn volume to brain volume ratio in CHR, coexisting with more limited subcortical regional aberrations, suggests strong neurodevelopmental aspects. These findings further indicate that in addition to global factors, the local environment might have an effect on volumes that share the same anatomical space. Our findings of an almost perfect positive correlation between hippocampus and amygdala volumes in controls that is completely absent in CHR, as well as a very significant inverse correlation between TH and total brain volume in CHR that is not present in controls, as verified by the Fisher r-to-z test, are in accord with our suggestion that abnormal neurodevelopmental factors will affect relationships between adjacent subcortical structures.
Global brain measures
In terms of global measures, the majority of neuroimaging studies in CHR samples have focused on regional gray matter volume loss and cortical thickness (see meta-analyses by Fusar-Poli et al. 2011; and also; Bartholomeusz et al. 2016; Cannon et al. 2015; Chung et al. 2015; Mechelli et al. 2011 ) while a few studies have reported decreased volume of white matter in regional areas (frontal, temporal, limbic, see extensive review by Kubicki et al. 2007 ). Velakoulis et al. (2006) reported a significant decrease of total brain volume in a study of a large number of CHR individuals. Decreased total white matter in CHR compared to controls has also been reported (Ziermans et al. 2012) although Smieskova et al. (2010) reported increased volume of white matter in CHR individuals transitioning to psychosis compared to both healthy controls and non-transitioning CHR. Typically in schizophrenia, gray matter volume deficits are prominent compared to deficits of white matter (Zipursky et al. 1992; Cannon et al. 2015) . Most probably the different pattern of deficits found in CHR versus established schizophrenia is reflective of the clinical diversity of the CHR population, with only 20-35% of CHR transitioning to psychosis within 2 years time (Cannon 2016) .
The results of the present investigation further advance previous investigations in that we show for the first time that abnormalities of global brain measures are related to abnormalities of the ventricular system in CHR.
Our finding of higher ventricular volume to white matter volume in CHR is of interest in terms of possible white matter associations with clinical findings. Our results showed CHR had lower scores in verbal fluency associated with decreased white matter volume. Integrity of white matter is essential to language functions (see for example review by Friederici 2009; Seitz et al. 2016) ; these functions are significantly affected in CHR (Giuliano et al. 2012; Seidman et al. 2016 ) and have been related to diffusion tensor abnormalities in CHR (Kubicki et al. 2013 ).
Amygdala and hippocampus
Amygdala and hippocampus are in close anatomical proximity to each other and are also adjacent to the ventricles where the hippocampal gyrus forms the walls of the temporal horn of the lateral ventricles. The amygdala comprises several nuclei in the medial temporal lobe where it shapes the end of the temporal horn (Kiernan 2012) (Fig. 1) . Lesser volumes of the amygdala and the hippocampus compared to controls have been reported in chronic schizophrenia (e.g. Bogerts et al. 1990; Rossi et al. 1994; Tamminga et al. 2010) , in early onset schizophrenia (Frazier et al. 2008 ) and in familial high risk individuals including those < 30 years of age, largely the same age range as CHR samples . Significantly lesser bilateral volume of the amygdala and hippocampus (Seidman et al. 1999) or of the left amygdala (Keshavan et al. 2002) in familial CHR compared to healthy controls has been reported. Nonetheless, in line with the findings of the present study, many studies in CHR have reported hippocampus volumes comparable to those of controls (e.g. McDonald et al. 2006; Velakoulis et al. 2006; Wood et al. 2008) . Inconsistent results strongly indicate substantial variability in the composition of the CHR population. Results also suggest that abnormalities in amygdala volume in CHR might preceed abnormalities of hippocampal volume, again indicating a progression that might well predict conversion to schizophrenia.
Clinical findings
At trend level, our results indicate that larger lateral ventricle volume corresponds to a higher score on measures of negative symptoms, and that smaller volumes of the hippocampus correspond to higher disorganization symptoms. The correlation between lateral ventricle volume and negative symptoms has long been described in patients affected by chronic schizophrenia (e.g. Kemali et al. 1987; Klausner et al. 1992; Nakamura et al. 2007; Nesvåg et al. 2012; Pearlson et al. 1989; Williams et al. 1985) , while in schizophrenia, improvement of disorganization symptoms has been shown to be inversely related to hippocampal volume (Molina et al. 2003) . These trend level correlations will need to be replicated in larger CHR populations as they recapitulate findings in schizophrenia.
Volume of the temporal horns in CHR correlated positively with increased perseverative errors measured during the Wisconsin Card Sorting Test. In schizophrenia patients, performance on the test, and especially on the set shifting portion of it, is significantly affected and related to frontal dysfunction (Everett et al. 2001) . Giuliano et al. (2012) have reported small-moderate effect size for executive function measured on the Wisconsin Card Sorting Test between CHR and controls. Here, number of perseverative errors was not significantly different between CHR and controls, but the correlation between perseveration and temporal horn volume, was large. In line with our findings, several studies have shown a significant correlation between volume of the ventricles and executive function (Johnstone et al. 1976; Toulopoulou et al. 2010; Crespo-Facorro et al. 2007 ). Laywer et al. (2006) using a Bayesian regression have also shown that ventricular volume provides more power than diagnosis for visuo-motor speed, vocabulary, and executive function in schizophrenia.
It is thus possible that the temporal horn enlargement observed in this study is an indicator of cognitive impairment (Laywer et al. 2006) . In light of neurodevelopmental mechanisms of schizophrenia and considerable previous research (Gilmore et al. 2008) , there might be predictive diagnostic value for this finding. This novel result concerning the temporal horn in CHR in relation to executive function will need to be replicated in a larger CHR population in order to determine its significance and predictive ability.
Summary and implications for CHR syndrome
Some limitations to this study are the following. First, although most of the large number of comparisons were controlled by strict Bonferroni corrections, results will need to be confirmed in larger populations. Second, even though we group-matched on sex, there was an insufficient number of female subjects to conduct meaningful comparisons, comparisons that are likely important (see comprehensive review by Goldstein et al. 2013) . Although most CHR were medication naïve, seven were receiving anti-psychotic medications at baseline. However, direct comparison of medication-naïve CHR and CHR on psychotropic medication in a MANCOVA analysis indicated a lack of effect of medication on volumes and their interrelationships. However, it is possible that medication effects would be present in a larger population of CHR receiving medication.
In summary, in this study we have shown that local and global volumes are affected in CHR compared with controls, with abnormalities of subcortical brain regions limited to the left hemisphere. Further, we have shown a significantly larger VBR and temporal horn to total brain volume ratio distinguishing CHR from HC. Additionally, we have shown that relationships between brain regions differ significantly between the CHR and healthy control groups. An important tentative conclusion is that the findings reported here may form the biological basis for at least some of the CHR syndrome and its deficits. CHR individuals, irrespective of conversion, are characterized by neurocognitive deficits and lower functioning and quality of life (Cannon 2016; FusarPoli et al. 2012; First et al. 2002; Seidman et al. 2016) . These deficits might be indexed by abnormalities of the ventriclular system before development of overt psychosis (this study and Johnstone et al. 1976; Toulopoulou et al. 2010; CrespoFacorro et al. 2007 ).
In the future we plan to expand this research to a larger CHR population to investigate further our findings of the association between the ventricular system and global measures, lateralization of morphometric abnormalities in CHR, as well as other biological measures, including their relationship to clinical findings.
